The activity of thermolysin in the hydrolysis of N-[3-(2-furyl)acryloyl] (FA)-dipeptide amides and iV-carbobenzoxyl-L-aspartyl-L-phenylalanine methyl ester is remarkably enhanced by high concentrations (1-5 M) of neutral salts. The activation is due to an increase in the molecular activity, &c at , while the Michaelis constant, Km, is not affected by the addition of NaCl. In the present study, the effect of NaCl on the thermolysin-catalyzed hydrolysis of FA-glycyl-L-leucine amide (FAGLA) has been examined by changing the pH and temperature, and by adding alcohols to the reaction mixture. The enzyme activity, expressed by k^JKm, is pH-dependent, being controlled by two functional residues with p.Ka values of 5.4 and 7.8 in the absence of NaCl. The acidic j>K a is shifted from 5.4 to 6.7 by the addition of 4 M NaCl, while the basic one is not changed. The degree of activation at a given concentration of NaCl is pH dependent in a bell-shaped manner with the optimum pH around 7. Although the activity increases in both the presence and absence of NaCl with increasing temperature from 5 to 35°C, the degree of activation decreases. Alcohols inhibit thermolysin, and the degree of activation decreases with increasing alcohol concentration. The degree of activation tends to increase with increasing dielectric constant of the medium, although it varies considerably depending on the species of alcohol. Electrostatic interactions on the surface and at the active site of thermolysin are suggested to play a significant role in the remarkable activation by salts.
Thermolysin [EC 3.4.24.27 ] is a thermostable neutral metallo-endopeptidase isolated from the culture broth of Bacillus thermoproteolyticus (1, 2) . It requires essentially one zinc ion for enzyme activity and four calcium ions for the structural stability {3-5), and catalyzes specifically hydrolysis of peptide bonds containing hydrophobic amino acid residues, especially at the PI' site (6) [the nomenclature used for the amino acid residues (P) of the substrate and for naming the subsites (S) of the active site being that of Schechter and Berger (7) ]. The amino acid sequence (8) and the three-dimensional structure (9) are known. The reaction mechanism is controversial, and several models have been proposed (10) (11) (12) (13) (14) (15) . According to crystallographic and kinetic studies (10) (11) (12) (13) , a nucleophilic water molecule is initially co-ordinated to the active site zinc ion. It directly adds to the substrate carboxamide linkage, at the same time that the carbonyl oxygen enters the ligand sphere of the zinc ion. The carboxyl group of Glu 143 is considered to function first as a general base, deprotonating the zinc-co- 1 This study was supported in part (K.I.) by Grants-in-Aid for Scientific Research (nos. 05660091 and 07660109) from the Ministy of Education, Science, Sports and Culture of Japan and grants (nos. 9330 and 9652) from the Salt Science Foundation (Tokyo). 2 To whom correspondence should be addressed. E-mail: inouye® kais.kais.kyoto-u.ac.jp Abbreviations: FA, furylacryloyl; FAGLA, iV-[3-(2-furyl) acryloyl]glycyl-L-leucine amide; Tris, tris(hydroxvmethyl)aminomethane; ZAPM, N-carbobenzoxyl-L-aspartyl-L-phenylalanine methylester. ordinated water nucleophile, and subsequently as an acid, protonating the cleavable amide nitrogen during breakdown of the tetrahedral intermediate. Tyr 157 and His 231 are proposed to play a stabilizing role in the transition state of the tetrahedral intermediate. The pH-activity studies of thermolysin indicate that the catalysis involves two ionic groups with pK a values of 5.0-5.6 and 7.5-8.3. The acidic pK a (pK a ,) is ascribed to Glu 143, and the alkaline pK a (pK B2 ) is assigned to the imidazole group of His 231, while the pK a of the zinc-co-ordinated water molecule is assumed to be greater than 9. On the other hand, it has been proposed from inhibitor-binding studies (14, 15 ) that substrate binding involves complete displacement of water bound to the active-site zinc ion (pK a 5.3 in the free enzyme), and His 231 (pK a 8.0 in the free enzyme) induces peptide bond hydration of the substrate. The relatively low pita value for zinc-bound water is explained in terms of the heightened Lewis acidity owing to the zinc ion.
Holmquist and Vallee (16) first reported that some neutral salts, such as NaCl and NaBr, significantly activated the thermolysin-catalyzed hydrolysis of N-[3-(2-furyl)acryloyl](FA)-glycyl-L-leucine amide (FAGLA) and its ester analogue FA-Gly-OLeu-NH 2 . We have reported the activation of thermolysin by high concentrations (1-5 M) of neutral salts in the hydrolysis and synthesis of iV-carbobenzoxyl-L-aspartyl-L-phenylalanine methylester (ZAPM), a precursor of a synthetic sweetener, as well as in the hydrolysis of FAGLA (17) . NaCl and NaBr are the most effective salts for this activation, and the activity increases with increase in salt concentration in an exponential fashion. Thermolysin is activated 7-fold at 3.8 M NaCl and NaBr in the hydrolysis of ZAPM. Recently, we have studied the effect of salts on such activity by using a series of substrates, FA-dipeptide amides having various hydrophobic amino acids at the cleavable bond {18). Although the enzyme activity varies widely depending on the substrate, the degree of activation at a given concentration of NaCl is rather similar, and the activation is in the range of 11-17 times at 4 M NaCl. This indicates that the degree of activation is not very dependent on the amino acid side chains at the scissile bond of the substrates. The molecular activity, kat, and Michaelis constant, Km, can be evaluated separately in the case of ZAPM, FA-Phe-Ala-NH 2 , and FA-Leu-Ala-NH 2 , and the activation has been demonstrated to be induced solely by increasing kc al . The effectiveness of monovalent cations for increasing /^a t follows the order Na + >K + >Li + . We have described a unique absorption difference spectrum that is observed on mixing thermolysin with NaCl and NaBr, suggesting a conformational change of the enzyme upon interaction with the salts (19) . The cause of the salt activation is not known, and there remains a possibility that the activation correlates with the difference spectrum. The activity of thermolysin increases progressively with increasing salt concentration, and does not show any saturating behavior even at the saturated concentration of salts. In the present study, we sought to reveal the cause of the activation by examining the effects of pH, temperature, and addition of alcohols to the reaction medium, and we have established that the activation is controlled in a complex manner by electrostatic interactions on the surface and at the active site of the enzyme.
the Michaelis constant, Km, in order to estimate the kinetic parameters, Atat and K m , separately. Under the pseudo-first order condition, the reaction rate v is expressed by (fe a t/ The ratio of the reaction rate v in the presence of x M NaCl to that in the absence of NaCl (uatxM NaCl/u at 0 M NaCl) was defined as the degree of activation at x M NaCl. The degree of activation was evaluated generally in this study at 4 M NaCl.
The dielectric constant (D) value of an alcohol-water mixture solution containing alcohol up to 12% (v/v) can be evaluated by the following equation: D = / w -Z) w + / a -D a , where f a and f w are the volume fractions of the alcohol and water, respectively (and thus /" a + f w = 1), and D a and D w are the dielectric constants of the alcohol and water, respectively (20) . As experimental determination of the D values of solutions containing high concentration of salts is virtually impossible, they were evaluated theoretically according to the above equation.
EXPERIMENTAL PROCEDURES
Materials-A three -times -crystallized -and-lyophilized preparation of thermolysin (Lot T8BA51; 8360 PU/mg according to the suppliers) was purchased from Daiwa Kasei, Osaka. This preparation was used without further purification. The thermolysin solution was filtered through a Millipore filter, Type HA (pore size: 0.45 //m) before use. The concentration was determined spectrophotometrically using an absorbance value, A (1 mg/ml), at 277 nm of 1.83 (17) , and a molecular mass of 34.6 kDa (8) . FAGLA (Lot 370513) was obtained from the Peptide Institute, Osaka. The concentration of FAGLA was determined spectrophotometrically using the molar absorption coefficient, £345 = 766 M'^cm" 1 (17) . All other chemicals were of reagent grade, purchased from Nacalai Tesque, Kyoto.
Hydrolysis of FAGLA-Hydrolysis of FAGLA by thermolysin was measured by following the decrease in absorbance at 345 nm with a Shimadzu spectrophotometer UV-2200. The amount of FAGLA hydrolyzed was estimated by using the molar absorption difference on hydrolysis, zj£ 3 45=-310M-1 .cm-1 (17) , in 40 mM Tris-HCl buffer (pH 7.5) containing 10 mM CaCl 2 (standard buffer) with NaCl added up to 5M (17) . The molar absorption difference was confirmed not to be affected under the conditions used in this study at temperatures in the range of 5-35°C, and in the presence of alcohols in the range of 0-12%. Due to the limited solubility of FAGLA, it is difficult to obtain a FAGLA concentration sufficiently larger than Figure 1A shows the pH dependence of the reaction rate v for the thermolysin-catalyzed hydrolysis of FAGLA in the presence of various concentrations of NaCl (0-4 M) at 25°C. A bell-shaped pH dependence with optimal pH around 7 was observed over the range of NaCl concentrations studied. The maximum value, IW, of the reaction rate, at the optimum pH was shown to be enhanced in an exponential fashion, and the pH optimum shifted simultaneously to the alkaline side, with increase in the NaCl concentration. The relative activity, u/vmax, was plotted against pH (Fig. IB) . The bell-shaped pH profiles suggest the involvement of two ionizable groups in the thermolysin-catalyzed hydrolysis of FAGLA. The pH optimum and Vm ax values were as follows, respectively: 6.65 and 3.26xlO'M-'-s" 1 at 0M NaCl; 6.9 and 6.84X10 4 M-'-s" 1 at 1M NaCl; 7.1 and 23.7 X10 4 M-'-s" 1 at 3M NaCl; and 7.2 and 40x 10 4 M-'-s" 1 at 4 M NaCl. Plots of log v obtained at a given NaCl concentration against pH (Dixon plots) were fitted with three straight lines with slopes of +1, 0, and -1, and two pi^a values were determined at each NaCl concentration, suggesting that the reaction rate is controlled by at least two ionizable residues. The acidic pK a (pK a ,) value shifted from 5.4 to 6.7 with increasing NaCl concentration from 0 to 4 M, while the alkaline one (pK a2 ) was almost constant (7.9-7.7) over the NaCl concentration range examined (Fig. 1C) . Figure ID Vol. 122, No. 2, 1997 shows that the degree of activation of thermolysin by 4 M NaCl in the hydrolysis of FAGLA is pH-dependent in a bell-shaped manner. The degree of activation was 12 at the pH optimum, pH 7.3, while it was only 2 and 4.5 at pH 5.7 and 9.0, respectively. The Dixon plot of the degree of activation at 4 M NaCl [log (degree of activation) vs. pH] was fitted by three straight lines with slopes of +1, 0, and -1, and two pK a values of 6.7 and 8.0 were obtained. These values are similar to the pK a values, 6.7 and 7.8, obtained for the activity of thermolysin at 4 M NaCl.
RESULTS

Effects of NaCl on the pH Dependence of FAGLA Hydrolysis-
Effect of Temperature on the Salt Activation of Thermolysin-The reaction rate of the thermolysin-catalyzed hydrolysis of FAGLA increased 4.0 times with increasing temperature from 5 to 35°C in the absence of NaCl, and increased 2.4 times in the presence of 4 M NaCl ( Fig. 2A ). On the other hand, the degree of activation of thermolysin by 4 M NaCl decreased almost linearly with increase of temperature ( Fig. 2B) , from 18 at 5°C to 10 at 35°C.
Effect of Alcohols on the Salt Activation of Thermolysin-The reaction rate of the thermolysin-catalyzed hydrolysis of FAGLA decreased in a pseudo-exponential manner with increasing methanol concentration from 0 to 12% in the presence and absence of 4 M NaCl (Fig. 3A) , andat 12% methanol, the reaction rates decreased to 6 and 16% of that obtained at 0% methanol, respectively. The degree of activation of thermolysin at 4 M NaCl decreased from 11 to 4 with increasing methanol concentration from 0 to 12%.
Other alcohols such as ethanol, 1-propanol, 2-propanol, and tert-amy\ alcohol inhibited thermolysin in the absence and presence of NaCl in a similar manner to that observed with methanol (Fig. 3A) . The respective concentrations of methanol, ethanol, 1-propanol, 2-propanol, and tert-amyl alcohol giving 50% of the activity obtained at 0% alcohol were 3, 1, 0.2 , 0.4, and 2% in the absence of NaCl. On the other hand, they were 1.4, 0.4, 0.1, 0.2, and 0.9% in the presence of 4 M NaCl, indicating that inhibition of ther-150 - molysin by the alcohols is doubled by adding 4 M NaCl. The order of inhibitory effect of the alcohols is l-propanol>2-propanol>ethanol> terf-amyl alcohol > methanol in either the presence or absence of 4 M NaCl. Although NaCl activates thermolysin even in the presence of alcohols, they greatly reduce the effect of NaCl.
The degree of activation of thermolysin by 4 M NaCl decreased in a pseudo-exponential manner with increasing alcohol concentration (Fig. 4A ). It was 11 in the absence of alcohols, and was reduced to half at 4.7% methanol, 0.6% ethanol, 0.2% 1-propanol, 0.5% 2-propanol, or 1.1% tertamyl alcohol. At 4% alcohol, the degrees of activation were 6, 4, 3, and 2 times with methanol, tert-amy\ alcohol, ethanol, and 2-propanol, respectively, and no activation was observed with 1-propanol. The order of decreasing degree of activation by the alcohols is the same as that in the inhibition of thermolysin. The dependence of the degree of activation on the theoretically evaluated dielectric constant of the reaction medium {20) is shown in Fig. 4B . The degree of activation varies depending on the alcohol species at a certain value of the dielectric constant, suggesting that the degree is determined not only by the dielectric constant of the medium, but also by other characteristics of the alcohols.
In the absence of NaCl, the activities of thermolysin at 4 and 0.4% ethanol were 18 and 74% of that at 0% ethanol. When the ethanol was diluted from 4 to 0.4%, the activity increased from 18 to 70%. In the presence of 4 M NaCl, the activities at 4 and 0.4% ethanol were 5 and 42% of that at 0% ethanol, and after diluting the ethanol from 4 to 0.4%, the activity increased to 41%. Similar results were obtained with other alcohols, and the inhibition by alcohols appears to be fully reversible. Methanol showed mixedtype inhibition of thermolysin-catalyzed hydrolysis of FAGLA both in the absence and presence of 4 M NaCl (data not shown), although the inhibitor constants could not be evaluated precisely because the solubility of FAGLA is lower than the K m values (17) .
DISCUSSION
Causes of the Salt-Activation of Thermolysin-Addition of NaCl might modify the structure of thermolysin, e.g., by shielding surface charges, promoting the binding of hydrated ions to the surface of thermolysin, and causing disintegration of the water structure. The shielding effect is generally saturated at 0.5-1.0 M NaCl. However, activation of thermolysin is observed with increasing [NaCl] up to 5 M in an exponential manner. Therefore, this effect is not a major factor in the activation, which might instead be caused by a conformational change of the enzyme and/or an environmental factor of the medium.
The Shift in pK a Values of the Thermolysin-Catalyzed Hydrolysis of FAGLA by the Addition of NaCl-The pK a , value shifted from 5.4 to 6.7 with increase of [NaCl] from 0 to 4 M, while the pK a2 value did not change much (Fig.  1C) . The nature of the functional groups has been uncertain, and the pK ai has been suggested to be due to Glu 143 (10, 11) or to the water molecule co-ordinated to the active-site zinc ion (14, 15) . The change in pK a , can be attributed to a change in electrostatic environment around the pK a , group, which destabilizes the ionized form of the group. The distance of the group from negative charge(s) may be reduced and/or that from positive charge(s) increased (21) . If Glu 143 is presumed to contribute to pK ai , the value of 6.7 obtained with 4 M NaCl seems to be extraordinarily high for the carboxylate. Interestingly, Asp 325 of Escherichia coli lactose permease exhibits a pK a of 8.5 (22) , and Asp 96 and Asp 115 in bacteriorhodopsin exhibit anomalously high values (>9.5) (23). The electrostatic interactions of the pK a , group can be interpreted by two models: the point-charge model refers to the electrostatic interactions of the group with a specific residue in its vicinity, and the surface-charge model refers to those with non-specific residues dispersed on the surface of the enzyme.
The ionization state of the pK ai group may be affected by the interaction with ions of NaCl or by conformational changes induced by the high concentration of NaCl. The nearest neighbours of Glu 143 and the active-site zinc ion are Glu 166, Asp 150, Asp 170, His 146, His 142, His 231, and Arg 203 (9) . The states of these residues are changed by the addition of NaCl, and are involved in the pK ai shift. According to the point-charge model (24) (25) (26) , the increment in pK a , ApK a , for an ionizable group (the charge of which is Zie) caused by the other ionizable group (the charge of which is Z 2 e) is given by the following formula 2.303 RT = N Z, e z /(D r).
Using the numerical values e = 4.80 xl0-'°esu,N = 6.02 x 10 23 , # = 8.31 xlO 7 erg-deg-'-mol-', and T = 298 K, we have:
Although there are only a few reports on the effective dielectric constants of protein surfaces, the values so far observed are in the range of 40-55 (25-29) . These values were used for the effective dielectric constant around the pK Bl group of thermolysin, and the distance between the g_roup and the ionized group was calculated to be 4.1 ±0.7 A. His 146 is located in the neighbourhood of Glu 143 and the active-site zinc ion [the distance between them is 4-5 A (30)], and it is plausible that the distance increases with the addition of NaCl, accompanied with the increase of pK ai . It is noteworthy that a change in the pK a of His 57 of tf-chymotrypsin from 7.0 to 8.0 was observed on altering the overall surface charge by 28 units (namely, changing 14 lysyl residues to 14 negatively charged succinate-halfamides) (31) . The observed change in the pK a is in reasonable agreement with that expected from a modification involving an appreciable change in the net charge of the protein. A change in pK ai of thermolysin as large as 1.3 units (Fig. 1C ) could be attributable to changes in the electrical charges on the protein surface. At present, it is not known whether the point-charge or the surface-charge model is more effective to explain the shift of pK Bl . It has been reported that proteins isolated from halophilic bacteria are rich in acidic amino acids on the surface, and that their interaction with hydrated salt cations may enhance their stability (32, 33) . Hydration of ions is dependent on the ionic species, and it is in the order of Hofmeister's series; Li + >Na + >K + (34, 35) . The order of ions for the efficiency in the activation of thermolysin is Na + >K + >Li + (17) (18) (19) . This difference suggests that the activation of thermolysin is not a result only of the size or hydration potential of ions, but rather depends on their interactions with charged groups on the enzyme.
pH Dependence of the Degree of Activation by Salts-The pifai value increases in a hyperbolic manner to the saturated level from 5.4 to 6.7 with increase in [NaCl] from 0 to 4 M (Fig. 1C) , whereas the activity of thermolysin increases in an exponential manner and saturating behavior is not observed (17, 18) . Therefore, the salt-activation is likely not to be directly related to the pK a , shift. The degree of activation shows a bell-shaped pH-dependence controlled by two residues of pK a 6.7 and 8.0 (Fig. ID) , and the pKa values are the same as those obtained for the activity at 4 M NaCl (Fig. 1C ), suggesting that the activation as well as the activity is controlled by the same groups. The isoelectric point (pi) of thermolysin is at pH5.1 (35) , where the activation is almost negligible (Fig. ID) . Carboxyl and amino groups on the surface of thermolysin may be fully ionized at around pH 7 where the degree of activation is maximum, and the pH dependence of the degree of activation (Fig. ID) seems to correspond with the number of charges on the surface of thermolysin. Binding of hydrated ions to the charged groups may stabilize the enzyme structure and this may activate the enzyme (33, 36) .
Effects of Temperature and Alcohols on the Degree of Activation by Salts-The concept of dielectric constant is not a precise one in a solution containing high salt concentrations as used in this study, though the dielectric constant in the medium generally decreases with increase in temperature and in alcohol concentration. Therefore, the results shown in Figs. 2B and 3B can be interpreted as indicating that the degree of activation increases with increasing dielectric constant of the medium. According to Coulomb's law, the smaller the dielectric constant of the medium is, the stronger the electrostatic force is. Thus, the electrostatic force between charged groups on the surface of thermolysin and that between charged groups and hydrated ions work to suppress the degree of activation. The relationship between the degree of activation and electrostatic interaction is probably opposite to that deduced from the pH dependence of the degree of activation. The electrostatic interaction is dependent not only on the dielectric constant of the medium, but also on the temperature and the alcohol content. This may be a cause of the discrepancy. The effect of alcohols on the decrease in the activity and the degree of activation follow the order of l-propanol>2-propanol>ethanol> teri-amyl alcohol> methanol (Fig. 4) , which is not the same as that of the dielectric constant, the values of which at 25°C are 20.3,19.9, 24.6,11.7, and 32.6, respectively (20) . In particular, the dielectric constant of tert-amyl alcohol is the smallest, though the effect of this alcohol is intermediate between those of methanol and ethanol. Although the dielectric constants of 1-and 2-propanols are almost the same, the activity and degree of activation with 1-propanol are obviously lower than those with the same concentration of 2-propanol. The activity and degree of activation with the branched alcohol are larger than those with the linear one of the same carbon number. Methanol shows mixed-type inhibition, indicating that it binds both active and inhibitory sites. Alcohols may affect the enzyme activity by lowering the dielectric constant and by binding directly to thermolysin.
Effect of Salts on Other Halophilic Enzymes-Nuclease H of Micrococcus varians (37) and a serine protease, halolysin, of an archaebacterium (38) are considered to be halophilic enzymes (39) . The activation behavior of these enzymes by salts is exponential or bell-shaped depending on the substrate, and the effect of cations is in the order of K + >Na + >Li + , being different from that for thermolysin (18) . Aspartic proteases from retro viruses, as well as pepsin, increase the activity with increasing [NaCl] up to 5 M, and the activation is derived only from the decrease in the Michaelis constant (40) (41) (42) . The cause of the activation of these proteases is probably different from that in the case of thermolysin (43) . We are currently studying the effects of substrate structure on the salt-activation of thermolysin. The effects of charged groups of thermolysin on the activity have also been investigated by means of chemical modification (44) and site-directed mutagenesis. A series of such studies on thermolysin and other enzymes (45, 46) may provide an answer as to how the enzyme activity is controlled.
